Historically, king penguin populations on Macquarie Island have suffered greatly from human exploitation. Two large colonies on the island were drastically reduced to a single small colony as a result of harvesting for the blubber oil industry. However, recent conservation efforts have resulted in the king penguin population expanding in numbers and range to recolonize previous as well as new sites. Ancient DNA methods were used to estimate past genetic diversity and combined with studies of modern populations, we are now able to compare past levels of variation with extant populations on northern Macquarie Island. The ancient and modern populations are closely related and show a similar level of genetic diversity. These results suggest that the king penguin population has recovered past genetic diversity in just 80 years owing to conservation efforts, despite having seen the brink of extinction.
INTRODUCTION
King penguins (Aptenodytes patagonicus) are the second largest penguins, being surpassed in size only by emperor penguins (Aptenodytes forsteri). Individuals are approximately 90 cm in height and weight between 11 and 16 kg. King penguins have an estimated generation time of 14.7 years with growth rates for populations varying greatly, but the intrinsic growth rate is suggested to be approximately 9.7 per cent per annum [1, 2] . The breeding cycle takes about 15 months with a maximum of two chicks per pair raised every 3 years [3] . The species has a circumpolar distribution, breeding on the Falkland Islands (which have been re-colonized after extermination in historical times) and a number of sub-Antarctic islands: South Georgia, Prince Edward, Crozet (over half of the world's population), Kerguelen, Heard (re-colonized after extermination) and Macquarie Island [4] . In 1911, the ornithologist Gregory Mathews proposed two subspecies on the basis of their size, which are currently recognized but whose status has been at times questioned. Aptenodytes patagonicus halli breeds on the Prince Edward, Crozet, Kerguelen, Heard and Macquarie Islands. Aptenodytes patagonicus patagonicus breeds on South Georgia and the Falkland Islands in the South Atlantic [5] .
The subspecies on Macquarie Island has suffered, particularly from historical exploitation by humans. Two very large colonies were present when Macquarie Island was discovered in 1810: one at the Isthmus and one at Lusitania Bay [6] (figure 1). The first settlers sought to harvest blubber oil, among other products, initially from fur seals followed by elephant seals, king penguins and finally royal penguins. The effects of these activities devastated not only the Macquarie Island populations of the species but also populations on other islands, most of which are now on the rise again [7] . The king penguin colony at the Isthmus on Macquarie Island was extinct by 1894 and the colony at Lusitania Bay was reduced to ca 3400 birds by 1930 [8] . Macquarie Island was declared a wildlife sanctuary in 1933, a state reserve in 1972 and a World Heritage area in 1997 [9] . These protection efforts halted exploitation and excessive disturbance of the local wildlife, additionally fishing is now very limited and pests are being eradicated, enabling the king penguins to flourish once again. The current population now numbers 150 000 -170 000 breeding pairs at Lusitania Bay (in 2000) and an estimated total of 400 000 -500 000 king penguins on Macquarie Island as a whole (in 2006) [9] . From Lusitania Bay and possibly elsewhere, new breeding colonies were established by natural dispersal in Sandy Bay, Green Gorge and the Isthmus (around 1975, 1977 and 1995, respectively) . The colony at Lusitania Bay may now be approaching its maximum carrying capacity and the colony at the Isthmus is increasing at an average 66 per cent per annum [8, 10] . This indicates that the king penguin population on Macquarie Island is thriving once again. Sub-fossil remains show that colonies previously existed at Green Gorge, the Isthmus and Bauer Bay (previously dated ca 4000 BP), which is the only known colony occurrence on the west coast for this species [11, 12] .
Using ancient DNA methodology, we aimed to compare past and present genetic diversity in order to assess the impacts of past anthropogenic pressures and present conservation efforts and, more specifically, to determine if the past levels of genetic diversity have been recovered in modern populations of king penguins on Macquarie Island.
MATERIAL AND METHODS
Seventeen samples representing the modern population were taken from king penguin carcasses that were collected from northern Macquarie Island. A small 6 mm 3 section was excised from the foot for DNA extraction. Sub-fossil bones representing the ancient king penguin population were collected stratigraphically from Landing Beach on the Isthmus, Macquarie Island. Approximately 300 mg of bone shavings from each of 20 sub-fossil bones were extracted in 200 ml of 0.5 M EDTA with 0.5 mg ml -1 Proteinase K and 0.1 per cent Triton X-100 incubating for 10 h at 568C. The modern samples and the sub-fossil samples were then extracted and purified using the DNeasy Blood and Tissue Kit (Qiagen) according to manufacturer's instructions. All sub-fossil bones were handled in a dedicated ancient DNA laboratory where strict protocols apply. PCR products were either isolated from an agarose gel (in case of unspecific by products) using the QIAquick Gel Extraction Kit (Qiagen) or cleaned with ExoSAP-IT (USB) according to manufacturer's instructions. The BigDye v. 3.1 (Applied Biosystems) kit was used according to manufacturer's instructions to sequence the DNA products. Three modern and two ancient products were reamplified and resequenced to confirm their authenticity [13] . Sequences are deposited in GenBank under accession numbers JQ256379-JQ256413.
Sequences were manually screened for errors before assembly and alignment. Haplotype networks were constructed using the program TEMPNET v. 1.4 [14] . Genetic diversity measures were calculated for both modern and ancient samples using the maximum composite likelihood model and pairwise deletion using the program MEGA 5 [15] , variance was estimated using 500 bootstrap replicates.
Representative ancient samples were radiocarbon dated by the Rafter Radiocarbon Laboratory, National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS Science), Lower Hutt, New Zealand. Radiocarbon ages were calibrated and corrected using the program CALIB v. 6.1 [16] and the Marine09 calibration dataset with a DR value of 791 + 121 years to account for the reservoir effect (electronic supplementary material, table S1) [17] .
RESULTS AND DISCUSSION
Seventeen specimens representing the modern population of king penguins on northern Macquarie King penguins recover ancient diversity T. H. Heupink et al. 587
Island, particularly the Isthmus population (figure 1), were characterized for 374 bp of the mitochondrial hyper variable region. Eighteen sub-fossil king penguin bones excavated from Landing Beach on the Isthmus yielded sufficient DNA to recover the homologous region. Radiocarbon dating revealed that seven of these bones aged on average 1002 years cal BP after calibration and correction for the marine reservoir effect (electronic supplementary material, table S1 ). In addition, sub-fossil bones from Bauer Bay were analysed. Recently collected sub-fossil bones (D1 samples) and those from the McEvey museum collection (DE samples) failed to present amplifiable DNA, despite showing a remarkable degree of preservation. The reason for this failure is unlikely to be their older age, averaging 7927 years cal BP (electronic supplementary material, table S1), since other studies have amplified DNA from much older penguin remains [18] . It seems more likely that the absence of amplifiable DNA was due to the outcrop's deposition by riverine processes, which would have allowed for hydrolytic damage. This is attested by the wet-cardboard-like texture of the recently collected bones and the riverbank location of this site.
The haplotype network (figure 2) shows considerable genetic diversity in both ancient and modern populations. Most individuals possess unique haplotypes which do not cluster around a single ancestral haplotype, as is typically seen after strong population bottlenecks. Very few haplotypes are shared between the ancient and modern populations, although some are relatively closely related. Few corresponding ancient and modern haplotypes are expected since the original ancient Isthmus population went extinct, and the modern northern Macquarie Island population appears most likely to have been founded from the remnant Lusitania Bay population [10] .
Both the ancient and the modern populations on the Isthmus and surrounding areas show similar nucleotide diversity. Average nucleotide diversity estimates (nucleotide differences per site) of 0.0308 + 0.0052 and 0.0268 + 0.0046 were calculated for the ancient and modern dataset, respectively. These estimates show that the genetic diversity for both populations is very similar (Z-test ¼ 0.5800, p ¼ 0.5619). A relatively high level of genetic diversity must have survived in the founding Lusitania Bay population, as both the ancient and the modern populations are quite similar with the proportion of interpopulation nucleotide diversity estimated at 0.0050 + 0.0054.
It is remarkable that a nearly extinct penguin population has been able to establish several new colonies and recover levels of past genetic diversity in only approximately 80 years. Conservation efforts have clearly aided the king penguin population to re-establish from the brink of extinction, also allowing for the expansion of considerable genetic diversity that had apparently survived in the last remaining individuals on Macquarie Island. Ancient DNA methodologies make it possible to monitor populations over time and, in combination with conservation genetics, allow for well-founded conservation and management strategies. Most studies combining ancient DNA with conservation genetics have shown a loss of genetic diversity in a wide range of species, be it because of anthropogenic or natural causes [19, 20] . This study shows that the genetic diversity of a historically exploited population can recover to pre-human contact levels and exemplifies how ancient
